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ELOG GaN further extends 
performance records 
Alan Mills 
La Jolla, California was the venue for the June 1998 biennial 'International Conference on Metal Organic 
Vapour Phase Epitaxy' (ICMOVPE IX), which was held under the auspices of The Metals, Minerals and 
Materials Society (TMS). The meeting provided a window on the wide range of products and technologies 
that use MOVPE processes and an overview of the increasing number of MOVPE-based products that are be- 
ing produced today or that will soon be providing us with additional technological benefits. 
l 
'n the drive to succeed in the 
production of commercial blue 
.wavelength diode-lasers, tech- 
nology advances uch as process 
and yield improvements, extended 
laser lifetimes and more stable op- 
eration are being sought. Two im- 
portant echnology improvements 
contributing towards this goal 
have been the use of modulation- 
doped superlattice structures and 
epitaxial layer overgrowth (ELOG) 
processes. This latter technique, 
which contributes to lower sub- 
strate defect levels, was first adopt- 
ed for gallium nitride (GaN) laser 
development by Shuji Nakamura 
and co-workers from Nichia 
Chemical Industries in Japan, and 
since then it has been adopted by 
several other research laboratories. 
In his plenary lecture, Nakamura 
provided the latest results in the 
application of ELOG processes to 
the development of improved GaN 
lasers and homoepitaxial wafers. 
Substrate formation 
To form these ELOG substrates, a 
2 vm layer of GaN is grown on sap- 
phire wafers (0001C face) using a 
dual flow, low-pressure MOVPE 
process. Stripes of silicon dioxide 
2 ~ml thick (3 ~tm wide on 13 ~tm 
centres) are then deposited prior 
to the growth of a thicker, second 
layer of gallium nitride.Voids occur 
over the mask areas, but usually 
these coalesce after about 7 ~tm of 
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Figure 1. Typical RT characteristics of InGaN laser diodes (courtesy of Nichia Chemical 
Industries). 
growth and produce fiat GaN sur- 
faces by the time that a 20 ktm lay- 
er of nitride has been grown. 
Transmission electron microscope 
(TEM) images of this layer showed 
that dislocation densities were sig- 
nificantly reduced in the window 
areas after about 7 ~tm of layer 
growth. Defects, including thread- 
ing dislocations, were however al- 
most non-existent in the 10 ~tm x 
10 ~tm areas of the extended GaN 
layers grown directly above the sili- 
con dioxide mask areas. These flat 
surfaced wafers with 20 ktm of 
overgrown GaN are designated as 
ELOG substrates and had defect 
levels many orders improved over 
the 108 to 101° cm -2 defect range 
of conventional gallium nitride lay- 
ers. Similar ELOG wafers were then 
used to grow improved short 
wavelength diode lasers (utilizing 
the low defect areas directly above 
the striped oxide mask regions). 
Device growth 
Prior research at Nichia had shown 
that two or three quantum wells 
(QWs) provided better power per- 
formance than a single QW, with de- 
vice threshold currents for the 
double QW being 50% below those 
of the single QW.Thus, two modula- 
tion-doped InGaN quantum well 
layers were selected for the forma- 
tion of these lasers. This generation 
of ELOG-based lasers used a MQW 
ridge guided, superlattice structure 
combining more than 720 MOVPE 
layers of GaN,AIGaN and InGaN epi- 
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Figure 2. Operating current of ELOG laser diodes versus lifetime (courtesy of Nichia). 
taxy. They were fabricated on stan- 
dard sapphire substrates, subse- 
quently thinned to 70 ~tm. 
Formation of the laser structure 
was completed by cleaving the 
wafer, half-coating the end facets 
with two pairs of quarter-wave tita- 
nium dioxide/silicon dioxide mir- 
rors (to reduce the threshold 
current for the evaluation devices) 
and by the deposition of metal con- 
tacts (nickel/gold for the p-GaN lay- 
er and titanium/aluminium for the 
n-GaN layer). 
Typical room temperature char- 
acteristics of these ELOG-based 
blue (~408 rim) laser diodes are 
shown in Figure 1. The data in- 
clude the highest reported contin- 
uous wave (CW) power output for 
a III-V nitride laser of 420 mW at 
an operating current of 490 mA. 
Other ELOG-based iodes support- 
ed a range of first-time achieve- 
ments. The firsts include the 
420-mW output power per laser 
facet, a demonstrated 250 hour 
laser lifetime at a 50°C operating 
temperature and, at lower power 
levels (2 mW at 20°C), ELOG-based 
laser diodes having lifetimes in ex- 
cess of 4800 hours (Figure 2). At 
the time of writing, these operat- 
ing lifetimes now exceed 6000 
hours. All of these achievements 
are the best values reported to 
date for III-V nitride lasers. Similar 
lasers fabricated in the window re- 
gions of the ELOG substrates, 
rather than the mask regions, had 
higher threshold currents, which 
are presently presumed to be 
caused by increased light scatter- 
ing from the much higher levels of 
screw dislocations present in these 
regions (-  10 7 cm2). 
Many of these process improve- 
ments have benefited not only 
laser development but also nitride 
based LED processes. Thus today's 
best light output levels for nltride 
LEDs are 5 lumens per watt (I.W -1) 
for blue, 30 l.W ] for green and 10 
l.W ] for yellow, placing them all in 
the commercial device category, ei- 
ther as technology leaders or seri- 
ous contenders. 
GaN homoepitaxy 
In related developments at Nichia, 
the thickness of the ELOG layer 
was increased to 250 ~tm using hy- 
dride vapour phase epitaxy. The 
sapphire substrate was then re- 
moved to form 'bulk' GaN wafers, 
which were subsequently used for 
MQW laser diode fabrication. As 
anticipated, these wafers were easi- 
er to cleave for laser facet forma- 
tion, and the homoepitaxially 
grown lasers operated at signifi- 
cantly lower temperatures (for a 
given power output). For example, 
the temperature ise during opera- 
tion for an unsupported laser was 
only 50% of sapphire substrate 
lasers (30°C.W 1 versus 60°C.W 1 
for sapphire substrates). Heat-sink 
supported ELOG wafers are ex- 
pected to have even lower heat 
rise coefficients. By the time of the 
ICMOVPE IX conference, these ho- 
moepitaxially grown lasers had 
achieved another first: 300 hours 
of operation without degradation 
at 50°C.At the time of writing this 
50°C operating lifetime now ex- 
tends to over 500 hours. 
Real-time monitoring 
Real-time process monitoring has 
long been claimed as an MBE 
process advantage over MOVPE 
processes. As sensor and process 
technologies have been improving 
however, real-time monitoring has 
become accepted for some 
MOVPE processes. In his plenary 
lecture, J. Thomas Zettler from the 
Technical University of Berlin, 
Germany, described the benefits 
of Reflectance Anisotropy 
Spectroscopy (RAS) also known as 
RDS (Reflectance Difference 
Spectroscopy) for MOCVD. RAS 
was first described by Bellcore 
(Morristown, NJ, USA) over ten 
years ago and it is now widely used 
to follow both MBE and MOVPE 
layer growth processes, particular- 
ly for III-V materials.The RAS signa- 
ture originates in the first three 
monolayers of a surface and is 
therefore very indicative of surface 
composition, atomic structure and 
doping effects in the growing lay- 
ers, each of which can cause signif- 
icant changes in surface charge 
and the reflectance signal. RAS 
monitoring has improved such that 
it can now be used on standard 
MOVPE systems, including rotating 
wafer systems and it can monitor 
device growth processes. There- 
fore, RAS can now be used to read 
surface stoichiometry, surface mor- 
phology, surface reconstruction 
states (4x4, 2x4, 2x6 etc.), doping 
effects, and significant surface 
changes during gallium arsenide 
and ternary compound layer 
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MOVPE advances in amber LEDs 
i 
n addition to the leading-edge 
work on short wavelength GaN 
emitters by MOVPE processes 
reported above, the Nichia 
Laboratory has recently an- 
nounced the development of high 
ambient operating temperature 
amber (590 run) LEDs. Previous 
amber LEDs developed at Nichia 
had lower output power (~5 mW) 
than commercially available 
AIInGaP (aluminium indium galli- 
um phosphide) LEDs and would 
not have been accepted in the 
commercial markets. However, in 
on-goLt!g research concurrent with 
the laser developments, newly re- 
ported work on MOVPE-grown 
LoGaN LEDs based on the struc- 
ture shown in Figure 3 has led to 
improved device performance, 
with the potential for commercial 
applications. 
The latest amber LEDs are sin- 
gle quantum well (QW) structures 
MOVPE-grown on sapphire sub- 
strates under similar flow condi- 
tions to the blue lasers, but at 
higher pressures (1 atm). The di- 
mensions of these LED structures 
(Figure 3) consist of a 300 A GaN 
buffer layer, a 0.7 ~tm thick layer of 
undoped GaN, a 3.3 gtn thick layer 
of n-type GaN:Si, a 400 A current 
spreading layer of undoped GaN, a 
25 A thick active layer of undoped 
InGaN, a 300 A thick layer of p- 
AIGaN:Mg and 0,2 ~tm p-type layer 
of GaN:Mg as the contact layer. 
Unlike previous amber InGaN 
p-, 
Un 
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Figure 3. The structure of amber InGaN LEDs (courtesy of Nichia Chemical Industries). 
LEDs, an important 
feature in the new _~ 
structure is the inser- c 
tion of an undoped 
GaN layer next to the 
active layer. This high 
O e~ resistivity layer causes ,5 
the current to be 
spread uniformly over o 
the active InGaN lay- .~.. 
t¢  
er. -~ 
To form the LED w 
lamps, the wafers 
were etched to ex- 
pose the n-GaN con- 
tact areas and metal 
contacts similar to 
those used for the lasers were 
evaporated on to the 1 > and n-re- 
gions.After being cut into 350 ~tm 
x 350 gm squares, the LED die 
were attached to lead frames and 
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Figure 4. The output power of amber InGaN and AIInGaP 
LEDs as a function of the ambient emperature. Output was 
normalized to 1.0 at 25°C for each LED. (Courtesy of Nichia.) 
moulded into lamps. The output 
powers of these new LOGAN LEDs 
and commercial amber LEDs are 
shown in Figure 4, where the 
power values have been normal- 
growth. By using the ratio between 
two parts of the analytical spec- 
trum, it can also be used to esti- 
mate surface temperature and 
changes in temperature. Thus RAS 
monitoring can now provide a 
very versatile real-time analytical 
tool for both the research engineer 
and the device manufacturer, in- 
cluding on-line process calibration, 
during the MOVPE process. 
In later papers, the use of RAS 
to monitor GaAs growth condi- 
tions was also reported by other 
laboratories. Randall Creighton 
from Sandia National Laboratories 
(Albuquerque, NM, USA) used RAS 
to define deposition rates accurate- 
ly over a wide range of growth 
conditions. At higher trimethyl gal- 
lium (TMG) feed rates and/or low- 
er temperature conditions, 'an 
interesting' sub-linear dependence 
on TMG partial pressure was ob- 
served. In this regime a lx2 recon- 
struction occurs on a methyl 
group terminated arsenic-rich sur- 
face. Markus Pristovsek from the 
Technical University of Berlin de- 
scribed the use of RAS to monitor 
the homoepitaxial growth of galli- 
um arsenide on high index sur- 
faces. All surfaces exhibited two 
reconstructions, one arsenic rich 
and the other arsenic deficient. 
Simon Watkins from Simon Fraser 
University (Burnaby, British 
Columbia, Canada) reported on the 
extension of RAS techniques to the 
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Table I. The characteristics of amber InGaN and AIInGaP LEOs measured at a current of 20 mA at RT 
Amber InGaN LEDs Amber AIInGaP LEDs 
Output power (mW) 1.4 0.66 
Forward voltage (V) 3.3 1.95 
Peak wavelength (nm) 594 591 
FWHM (nm) 50 17 
Luminous efficiency (m-lW -1) l0 8 
Rise time (ns) 20 27 
Fall time (ns) 30 24 
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perature and that the 
temperature depen- 
dence of the output is 
superior for the 
• __  InGaN LEDs in the 
-20 to 80°C range. 
The output of the 
InGaN LEDs decreas- 
es only by 10% be- 
tween room 
temperature and 
80°C. They also 
showed no degrada- 
tion for up to 1000 
1 o0 hours of aging (Figure 
5). The rise and fall 
times for both LEDs 
were similar, as were 
the luminous efficien- 
cy values at 10 l.W -1 
for the InGaN devices and 8 I.W -1 
for the AIInGaP LEDs. 
The spectral purity for the 
commercial device is better than 
the developmental InGaN LED - 
17 nm versus 50 um width at their 
respective FWHMs (full width at 
half maximum) - but this differ- 
ence would probably not be de- 
tectable by the human eye. The 
Figure 5. Output power as a function of aging time for amber 
InGaN LEDs operated at a forward current of 20 mA at RT. 
(Courtesy of Nichia.) 
ized to unity at 25°C. The impor- 
tant device characteristics at room 
temperature are compared in Table 
1, at drive currents of 20 mA and 
using typical forward voltages of 
3.3 V for the InGaN devices. It can 
be seen that the output power of 
the new InGaN LEDs is about 
twice as high as that of the com- 
mercial amber lamps at room tem- 
larger spread was presumed to be 
due to inhomogeneities in the 
QW indium content. From the in- 
formation presented it is probable 
that the InGaN LEDs could already 
serve practical uses for higher 
temperature applications and, in- 
cidentally, an advantage was also 
claimed for the nontoxic nature of 
the InGaN on sapphire system. As 
this InGaN technology is in its ear- 
ly stages, considerable improve- 
ments in performance are 
expected; however, cost-effective 
manufacturing processes will 
have to be developed before they 
could compete in the main com- 
mercial markets. With ultraviolet, 
blue, green and now amber LEDs 
and/or lasers, these developments 
illustrate the ever increasing range 
of light emitting products that can 
be manufactured from gallium ni- 
tride MOVPE processes and form 
the basis for several new growth 
markets. Red GaN-ba....~l LEDs 
have also been demonstrated, but 
their performance was a long way 
off from that of the other III-V 
LEDs. 
atomic layer epitaxial growth of in- 
dium arsenide and indium phos- 
phide layers. InAs layer growth was 
similar to that of GaAs with a self- 
limiting double arsenic layer being 
present, but no evidence was 
found for a double phosphorus lay- 
er during InP layer growth. 
Turing stability 
In the next series of invited talks, J.
Temmyo, from NTT Laboratories 
(Kanagawa,Japan), discussed self-or- 
ganization (ordered) versus the serf 
assembly of InGaAs of quantum dot 
sized islands. The island shapes (tri- 
angular, zigzag) on 311B surfaces 
varied with indium composition at 
growth temperatures in the 700 to 
800°C range. The order of these is- 
lands was considered to be within 
the realm of Turing stability, as de- 
fined by the mathematician Alan 
Turing in 1952 for short-range auto- 
catalysis, and was compared with 
natural regular ordering such as 
cheetah spots and zebra stripes. 
Temmyo suggested that considera- 
tion of natural processes and 
'Turing stability' could play a "pio- 
neering role for optical devices in 
new, exotic, large-mismatch" device 
growth conditions. 
InSb sensors 
Christine Wang from MIT Lincoln 
Laboratory (Lexington, MA, USA) 
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described the growth of indium/an- 
timony/arsenic heterostructures us- 
ing MOVPE processes, which 
produced sensor performances x- 
ceeding those of MBE grown de- 
vices based on the same alloy 
structures. In this work TEG, TMI, 
TMSb and TBA were used to grow 
GaInAsSb heterostructure layers, 
which are lattice matched to galli- 
um antimonide. Devices based on 
these GaSb-GalnAsSb-AICmAsSb het- 
erostructure alloys have cutoff 
wavelengths in the 2 to 2.4 lain 
wavelength region, which corre- 
spond to black body radiation in the 
1100 to 1500 K temperature ange 
(0.5 eV bandgap). 
The benefits of the MOVPE 
processes are the reduction of 
growth times to about one hour 
from six hours, and the achieve- 
ment of the highest quantum effi- 
ciencies and open circuit voltages 
obtained to date for thermophoto- 
voltaic devices at 2.3 gtm. With 
window coatings, absorption effi- 
ciencies of up to 70% have been ob- 
tained. Although most of the alloys 
in the necessary compositional 
range are metastable, no degrada- 
tion of properties was detected for 
device structures grown at rates not 
exceeding 5 ~tm per hour. 
This year the conference also 
recognized the rapidly growing 
field of oxide film depositions by 
MOVPE in the invited paper pre- 
sented by Bruce Wessels from 
Northwestern University, IL, USA. 
Spurred on by the silicon device 
demand for high dielectric con- 
stant materials and new barrier lay- 
ers, he reported on the successful 
epitaxial deposition of barium ti- 
tanate ferroelectric oxides for fu- 
ture multi-gigabit DRAMs and 
erbium doped titanates for wave- 
guides.Thin film electro-optic mod- 
ulators have been made and 
ferroelectric oxide thin •ms show 
good prospects for future opto- 
electronic IC devices. 
Germanium substrates 
For many years silicon has been 
proposed as the eventual sub- 
strate of choice for the produc- 
tion of 'low cost' GaAs devices -
and the quest continues in some 
laboratories. Unfortunately, this 
technology may never succeed as 
the 'low cost' III-V substrate, be- 
cause gallium arsenide pitaxy on 
silicon appears to cost about the 
same as a GaAs wafer (and be- 
cause of the potential drawbacks 
of the large lattice mismatch 
which creates defects and process 
problems). 
During the last few years how- 
ever, a stealth operation has been 
mounted by germanium to be- 
come the low cost substrate of 
choice for the MOVPE manufac- 
ture of some III-V devices. Despite 
the potential theoretical problems 
associated with the growth of galli- 
um arsenide on germanium, such 
as differences in thermal expan- 
sion and crystal polarity, the use of 
buffer layers has allowed germani- 
um to become the substrate of 
choice for III-V based space-appli- 
cation AlGaAs/GaAs olar cells. 
The benefits offered by germa- 
nium substrates are lower cost, 
larger sized wafers, significantly 
higher wafer strength and low de- 
fect levels (zero etch pit densities). 
This substitution for gallium ar- 
senide is relatively easy to make 
because there is only a small attice 
mismatch (0.12%) between the 
two substrate materials, which 
would be insignificant for most de- 
vice applications. Similar layer 
growth technology has now been 
extended to light-emitting devices 
in a cooperative ffort in Belgium 
between IMEC, based in Leuven, 
and Union Mini~re, headquartered 
in Brussels. Mark D'Hondt et al. de- 
scribed the successful develop- 
ment of AIGaAs lasers and LEDs on 
germanium substrates, which now 
show promise for the production 
of commercial devices. 
Nitrides from DMH 
Rajaram Bhat from Corning Inc 
(Corning, NY, USA) described the 
low pressure MOVPE growth of 
arsenide/nitride QWs using di- 
methyl hydrazine (DMH) as the ni- 
trogen source. In this approach, 
the nitrides are being synthesized 
from the low nitrogen end of the 
range and the active layers were 
wells with 99 periods of 1.7 nm 
GaAsN (N content --- 2.6%) and 2.5 
nm of GalnAsN (N content = 
5.4%).The intended application of 
these arsenide/nitride emitters is 
1.55-gtm lasers. 
Although the contained nitro- 
gen levels were low (up to 5%), 
photoluminescence at 1.35 gtm 
was obtained from GaInAsN 
strained layer QWs where the ni- 
trogen content did not exceed 
4.2%. Several other research 
groups also reported the growth 
of mixed arsenide/nitride struc- 
tures from DMH sources, but their 
nitrogen incorporation did not ex- 
ceed 1%. 
In related nitride research, 
Daniel Friedman from NREL 
(Golden, CO, USA) described the 
DMH-sourced MOVPE growth of 
GalnAsN active layers on gallium 
arsenide for potential solar appli- 
cations. One electron volt solar 
cells were successfully prepared 
which, if combined into four-junc- 
tion structures, would have the 
potential for 46% efficiencies 
from cells under 500 suns radia- 
tion intensity. 
The conference location was 
very attractive and overlooked the 
Pacific Ocean, a feature that added 
a sense of tranquillity to the sur- 
roundings, a benefit for which The 
Metals, Minerals and Materials 
Society must be thanked.The con- 
ference closed with promises of 
an equally distinguished location 
being selected for the millenium 
edition, still two years away. 
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